ABSTRACT Protein sequences evolved to fold in cells, including cotranslational folding of nascent polypeptide chains during their synthesis by the ribosome. The vectorial (N-to C-terminal) nature of cotranslational folding constrains the conformations of the nascent polypeptide chain in a manner not experienced by full-length chains diluted out of denaturant. We are still discovering to what extent these constraints affect later, posttranslational folding events. Here we directly address whether conformational constraints imposed by cotranslational folding affect the partitioning between productive folding to the native structure versus aggregation. We isolated polyribosomes from Escherichia coli cells expressing GFP, analyzed the nascent chain length distribution to determine the number of nascent chains that were long enough to fold to the native fluorescent structure, and calculated the folding yield for these nascent chains upon ribosome release versus the folding yield of an equivalent concentration of fulllength, chemically denatured GFP polypeptide chains. We find that the yield of native fluorescent GFP is dramatically higher upon ribosome release of nascent chains versus dilution of full-length chains from denaturant. For kinetically trapped native structures such as GFP, folding correctly the first time, immediately after release from the ribosome, can lead to lifelong population of the native structure, as opposed to aggregation.
INTRODUCTION
Newly synthesized polypeptide chains face the challenge of folding efficiently to form their native structures in the complex and crowded environment of the cell (1) . For cytosolic proteins, protein folding can be initiated cotranslationally while the polypeptide chain is still tethered to the translating ribosome (2) (3) (4) (5) . In contrast to protein refolding, where full-length polypeptide chains are typically diluted away from a chemical denaturant, long-range interactions between distal portions of the sequence cannot be established during early stages of protein biosynthesis. Yet, many protein structural topologies, particularly those rich in b-sheet structure, contain such long-range interactions. The amino acid residues that make contacts in a b-sheet are typically located farther apart in the primary protein sequence than the amino acids in an a-helical structure, and many b-sheets are formed from b-strands that are not contiguous in the protein primary structure. Hence, during polypeptide chain synthesis by the ribosome, the formation of native-like contacts in the N-terminal portions of a b-sheet protein may be delayed because the C-terminal contacting residues have not yet been synthesized or are sterically inaccessible in the 100 Å -long ribosome exit tunnel.
Although the nonvectorial topology of many protein structures raises questions regarding how much native-like structure can be formed cotranslationally, it is undeniable that this is the environment and selective pressure under which protein sequence evolution has occurred. Hence, a reasonable question to ask is whether protein sequences have evolved to stabilize intermediates formed under these cotranslational conditions, even though these intermediates may not be preferentially populated when the full-length polypeptide chain is diluted all at once out of a chemical denaturant (6) .
Of course, some protein native structures are only marginally stable, and these polypeptide chains are likely to spend their lifetime sampling partially folded or even highly denatured conformations in addition to the native structure. However, a growing number of proteins are being characterized as ''kinetically stable'', meaning they have an unusually high energy barrier for unfolding (7) . For these proteins, getting the process of folding to work correctly the first time, immediately after synthesis, might ensure lifelong population of the native structure. Intriguingly, b-sheets and other complex structural topologies appear to be overrepresented among kinetically trapped proteins (8) .
Indeed, past studies have demonstrated that cotranslational folding of nascent chains can occur more quickly than in vitro refolding (9, 10) . Investigations of the impact of cotranslational folding on folding yield, however, have focused more on the contributions of molecular chaperones (11, 12) or translation on ribosomes from different organisms (9, 13, 14) to folding yield, rather than directly comparing the yields of correctly folded protein produced in vivo versus in vitro.
We investigated the effect of cotranslational folding on the overall folding efficiency of GFP (15) , a protein with a complex b-sheet-rich structural topology. In native GFP, the polypeptide chain forms an 11-stranded b-barrel that wraps around the central a-helix, enabling the autocatalytic formation of the central imidazolinone chromophore (Fig. 1, A and B) . GFP folding requires the formation of more than 200 sequence-distant contact pairs (R12 residues apart, %6 Å maximum distance) (16, 17) , and is a prerequisite for the formation of a functional chromophore (15) . Although the GFP native structure is quite stable and exhibits some properties of kinetically trapped proteins, overexpression of wild-type GFP in Escherichia coli leads to misfolding and aggregation (15) . Intriguingly, the majority of GFP polypeptide chains isolated from IBs do not contain a chromophore, which suggests that the bulk of GFP misfolding occurs before an initial round of correct folding (18) . Because GFP is so broadly used as a fluorescent reporter for cell-based assays, its high tendency to aggregate has produced intense interest in the GFP folding mechanism (18) (19) (20) (21) (22) . Typical in vitro refolding yields for GFP hover around 50-60% (18) (19) (20) . However, the contribution of cotranslational folding to the overall efficiency of GFP folding has not been addressed. Here we report the de novo folding efficiency of newly synthesized GFP polypeptide chains released from polysomes, versus folding of full-length GFP upon dilution from denaturant, and present evidence that the vectorial synthesis of GFP contributes to GFP folding efficiency.
MATERIALS AND METHODS

Plasmids
The cycle3 GFP gene (23) , plus a sequence encoding a 6 aa N-terminal affinity sequence (not use for the purposes of this work), was cloned into a pET21b-derived plasmid encoding the SecM stall sequence (24) . The GFPDSecM construct was created by site-directed mutagenesis, with the first codon of the SecM stall sequence (TTC) changed to a stop codon (TAA).
Protein expression
Competent E. coli BL21(DE3)pLysS cells (Promega, Madison, WI) transformed with either pET21b/GFP, pET21b/GFPDSecM, or empty pET21b were grown for 3.5 h (OD 600 of 0.4-0.5) at 30 C. Protein expression was induced by the addition of IPTG (Ambion, Foster City, CA) to a final concentration of 0.5 mM. After a 30 min induction, protein expression was halted by adding two 8 mL R buffer (50 mM Tris, pH 7.5; 10 mM MgCl 2 ; 150 mM KCl) ice cubes to the cell suspensions and transferring the flasks to ice (24) .
Isolation of ribosomes
Ribosomes and polysomes were isolated as previously described (24) , with minor changes. Cells were pelleted, resuspended in 500 mL cold R buffer, 0 end of the mRNA and bears a GFP nascent chain synthesized up to the point of translational stalling at the C-terminus of the SecM stall sequence. The ribosome exit tunnel, spanning the entire 50S ribosome subunit, is denoted with light gray dotted lines. The solid green line represents the GFP sequence from residues 1-229, necessary for complete folding and maturation of cycle3 GFP (27) . The black filled star represents the relative position of GFP residue 229 in the ribosome tunnel. The synthesis of residue 229 by ribosome 4 is possible but depends on the precise packing of ribosomes 1-3, and hence is denoted with an open star. The dotted line represents the reminder of the cycle3 GFP sequence, which is not required for complete folding and maturation of GFP. The darker solid line represents the SecM stall sequence. This GFP-polysome complex consists of eight ribosomes (the maximum number of nascent chain lengths detected in Fig. 2) ; however, not all GFP polysomes necessarily consist of eight ribosomes per mRNA.
Biophysical Journal 98 (7) 1312-1320 and frozen at À80 C for 30 min. Next, the resuspended cells were thawed and treated with lysozyme (1 mg/mL) and subjected to a second freeze/ thaw cycle. The thawed lysate was supplemented with 50 mM MgSO 4 , treated with DNase I (Ambion) for 15 min at 4 C, and spun at 14,000 Â g, 4 C until a solid pellet formed. The supernatant was removed and layered onto a 35% sucrose cushion and spun at 437,000 Â g for 15 min at 4 C (70.1 Ti rotor; Beckman Coulter, Fullerton, CA). The supernatant and sucrose were removed, and the ribosome/polysome pellet was gently washed and resuspended in freshly prepared R buffer supplemented with 1 mM TCEP (Pierce, Rockford, IL).
Separation of polysomes and 70S ribosomes using size exclusion chromatography
Ribosomes and polysomes were separated using a Sepharose 6B (SigmaAldrich, St. Louis, MO) size exclusion column equilibrated with R buffer. Fractions were eluted with R buffer and the ribosome/polysome distribution was analyzed via sucrose density gradient centrifugation (10-50% sucrose density, w/v; 44,300 Â g; 18 h; Beckmann SW 28.1 rotor).
SDS-PAGE and Western blotting
Each sample was pretreated with RNase (0.5 mg/mL; Roche, Indianapolis, IN) for 30 min at room temperature to disrupt residual tRNA-nascent chain complexes. Samples were separated by SDS-PAGE, bands were transferred to PVDF membrane (Bio-Rad, Hercules, CA), and the immunoblots were developed with the appropriate antibodies. Rabbit polyclonal antibody against GFP (Novus Biologicals, Littleton, CO) or rabbit anti-TF antibody (a kind gift of B. Bukau) were used as the primary antibody. Goat anti-rabbit AP-conjugated antibody (Novus Biologicals) was used as a secondary antibody. All washes and incubations were performed in phosphate-buffered saline. The GFP bands were visualized after development of an alkaline phosphatase reaction using NBT and BCIP (Promega) as substrates. The intensity of the GFP bands was analyzed with ImageJ software (National Institutes of Health).
Determination of GFP nascent chain length distribution in polysomes
The relative MW of each GFP nascent chain detected on a Western blot was calculated from a standard curve based on the migration distance of the MW markers. The GFP band with the largest MW corresponded to the full-length protein synthesized by ribosome 1, stalled at residue 17 of the SecM stall sequence (corresponding to residue 166 in wild-type SecM, and residue number 260 in the GFP construct used here; Fig. 1 , C and D). Nascent chain lengths were determined according the relative MW and the corresponding GFP amino acid sequence.
GFP chromophore absorbance spectra
Equivalent amounts (according the absorption at 280 nm) of native purified GFP and unfolded GFP isolated from IBs were used. The absorbance spectra were collected between 250 nm and 500 nm (18) with a Beckman Coulter DU 530 spectrophotometer.
Fluorescence measurements
All fluorescence measurements were performed with a QM-6 fluorescence spectrophotometer (PTI, Birmingham, NJ) equipped with a temperatureequilibrated cuvette holder. Samples were excited at 397 nm and the fluorescence emission signal was recorded between 470 and 550 nm with an integration time of 1 s using 5 nm slit widths. Measurements were performed in a 10 mm cuvette at 20 C.
Purification of native GFP
Native cycle3 GFP was purified according to published procedures (21) , with some modifications. The method used is capable of separating native GFP from nonnative, nonfluorescent (but still soluble) GFP. The supernatant collected from the top of the 35% sucrose cushion (see above) was used as a source of soluble GFP. This supernatant contains ribosome-released nascent chains (24, 25) and therefore contains GFP chains with the same origin as stalled GFP nascent chains tethered to ribosome. The supernatant was separated on a size exclusion column packed with Sephadex G-75/ Superfine resin (Sigma) and equilibrated with GFP purification buffer (GP: 20 mM Tris, pH 7.5; 1 mM EDTA; 1 mM TCEP). The sample was eluted with GP buffer and the fractions were screened for GFP fluorescence.
The fractions with the highest specific GFP fluorescence (according to Western blot analysis) were combined, concentrated, loaded onto a DEAE ion exchange column (DEAE Sepharose resin; Sigma-Aldrich), and eluted with a step gradient of 0-0.2 M NaCl in GP buffer (0.02 M NaCl increments). The fractions were collected and analyzed for GFP chromophore fluorescence and protein content. Fractions containing native GFP were pooled and reseparated by size exclusion chromatography. The final GFP concentration was calculated using the GFP molar extinction coefficient at 397 nm (30,000 Lmol À1 /cm À1 ) (26) .
Purification of GFP from IBs
Escerichia coli BL21(DE3)pLysS cells transformed with pET21b/ GFPDSecM were grown at 37 C for 3.5 h. Upon induction with IPTG, cultures were incubated at 39 C for 4 h. Protein expression was halted and the cultures were frozen and lysed, as described above. The lysate was spun for 30 min at 14,000 x g, 4 C. The supernatant was removed and the pellet, including cell debris and GFP aggregates, was washed twice with R buffer containing 1% Triton X-100 (Sigma). The final, washed pellet was resuspended in R buffer containing 6 M GdHCl. The GFP concentration was calculated using a standard curve derived from a Western blot prepared with a purified GFP.
Folding experiments with ribosome-released GFP
Folding reactions were initiated by adding 100 mM EDTA (Fisher Scientific, Hanover Park, IL) and 75 mL RNase to a GFP-polysome sample. Each sample originated from an independent ribosome preparation. The average total protein concentration (determined by Bradford assay; see below) and RNA concentration (determined by the absorbance at 260 nm) in each folding reaction was 220 5 35 mg/mL and 346 5 63 mg/mL, respectively. The concentration of GFP nascent chains that were long enough to fold and fluoresce (350 5 43 nM) was calculated from quantification of GFP bands from Western blots using ImageJ software and comparison with a standard curve of purified GFP. The GFP fluorescence spectrum was taken immediately after the addition of EDTA/RNase and monitored until the signal plateaued (~90 h). Acquisition of GFP fluorescence was orders of magnitude slower than the release of the nascent chains, as measured by the decrease in GFPex anisotropy after EDTA/RNase addition (not shown). The GFP folding yield was calculated as the ratio between the concentration of folded GFP molecules and the total concentration of GFP chains with sufficient length for complete folding and fluorescence (R229 aa) (27) . The concentration of folded, native GFP was calculated by comparing the GFP fluorescence of released chains with the fluorescence of a standard curve of purified native GFP.
Protein assay
The total protein concentration of the folding reactions was determined via Bradford assay (Bio-Rad). The Bradford reaction was developed for 30 min at room temperature. Each sample was prepared in triplicate and the protein concentration was calculated from a standard curve produced with bovine serum albumin (Bio-Rad).
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Folding experiments with GFPib Folding reactions were initiated by 100-fold dilution of GdHCl-denatured GFPib into R buffer containing 100 mM EDTA, 75 mL RNase, and ribosomes purified from cells transformed with empty pET21b vector. The folding reactions were performed in the presence or absence of 1 mM TCEP as a reducing agent. The fluorescence measurements and the GFP folding yield calculations were performed as described for the GFP-polysome complexes.
GFP solubility in vivo
Lysates from cells expressing GFP, GFPDSecM, or empty vector were prepared as described above for purification of GFP polysomes. The cell lysate was divided in half. One half was untreated and represents the samples denoted as ''whole lysate'' in Fig. S5 of the Supporting Material. The other half was treated with DNase I (in the presence of 50 mM MgCl 2 ) for 30 min and spun at 14,000 x g for 40 min at 4 C, and the supernatant obtained represents the samples denoted as ''supernatant'' in Fig. S5 . The solubility for each construct was calculated as the ratio between the GFP in the supernatant and the GFP in the lysate.
RESULTS
Purification and characterization of polysomes bearing GFP nascent chains
During active protein synthesis,~80% of translating E. coli ribosomes are engaged in poly-ribosomes (polysomes) (28) , meaning that the earliest cotranslational folding processes can occur while a nascent polypeptide chain is a component of a polysome complex. To most closely reproduce cellular cotranslational folding conditions, we isolated polysomes from actively translating cells expressing polypeptide chains consisting of full-length cycle3 GFP (23) followed by a C-terminal linker encoding the 17-aa SecM translation stall sequence (24, 29, 30) (Fig. 1 C) . The presence of the SecM stall sequence generates GFP nascent chains with progressively shorter chain lengths on polysomes (Fig. S1 ), but does not skew the overall cellular distribution of ribosomes and polysomes (Fig. S2) (31) .
To determine the length distribution of GFP nascent chains on E. coli polysomes, polysomes were separated by size exclusion chromatography from 70S ribosomes and released GFP chains, and analyzed by gel electrophoresis. Immunoblotting revealed eight distinct GFP bands with sizes ranging from 19 to 30 kDa, indicating the existence of up to eight ribosomes per GFP mRNA (Figs. 1 D and 2 B, and Table 1 ). The calculated MW of the largest GFP band (30.8 kDa) corresponds to the MW of the full-length SecM-stalled GFP construct (260 aa, including an N-terminal affinity tag not used in this study). The calculated MW of each GFP band (Table 1 ) and the amino acid content of the corresponding GFP constructs revealed an average length difference of 12 aa (36 nucleotides) between nascent chains on adjacent ribosomes (Table 1 ). This calculated difference in GFP nascent chain lengths and the ribosome distribution on the GFP mRNA are remarkably similar to previous findings regarding the distribution of ribosomes on bovine preprolactin and arg-2 mRNAs after translational pausing (32, 33) . Of interest, the smallest detected GFP band had a calculated MW of~19 kDa, corresponding to a difference of 29 aa in length between the nascent chains of ribosomes 7 and 8, equivalent to 87 nt between ribosome centers (Fig. 2 B, band 8 , and Table 1 ). Such ribosome spacing is more characteristic of polysomes formed in vivo in the absence of a translational pause (28) , and suggests that ribosome 8, which is most distant from the SecM stall point, is not part of the ribosome cluster formed as a result of translational stalling (Fig. 1 D) .
Calculation of GFP de novo folding yield requires discrimination between GFP nascent chains that have attained the minimum length necessary for formation of native fluorescent protein (229 residues (27) ) from shorter, incomplete GFP nascent chains tethered to the upstream ribosomes (Fig. 1, C and D) . The calculated lengths of the GFP nascent FIGURE 2 Detection of GFP nascent chains. (A) Sucrose density gradient profile of purified GFP-polysome complexes before (solid line) and after (dashed line) treatment with EDTA and RNase; 1x corresponds to 70S monosomes, 2x corresponds to dimer polysomes, etc., and 4xþ corresponds to polysomes consisting of four or more ribosomes. (B) Anti-GFP Western blot analysis of purified polysome complexes. Lanes 1-6 represent independent GFP-polysome preparations; e.v. represents polysomes prepared from cells transformed with the empty vector. The numbered arrows denote GFP nascent chain bands and correspond to the ribosome numbering in Fig. 1 D. The calculated relative MW of each GFP band is shown in Table 1 .
Biophysical Journal 98 (7) 1312-1320 chains indicate that ribosomes 1-3, closest to the point of stalling (see numbering scheme in Fig. 1 D) , bear GFP nascent chains longer than 229 aa ( Fig. 1 D and Table 1 ). The length of the nascent chain on ribosome 4 (224 aa) is very close to the minimum length required for GFP maturation ( Fig. 1 D, open star) . Its capacity to form the chromophore after folding will likely depend on the precise packing of ribosomes 1-3, as this will determine the precise stall point for ribosome 4, and hence the length of its nascent chain. Ribosomes 5-8, farthest from the 3 0 end of the mRNA (Fig. 1 D) , bear nascent chains that are too short to form native, fluorescent GFP. Moreover, in addition to the translational truncation produced by ribosome stacking behind the SecM stall point, the most C-terminal 35-40 aa of every nascent chain will be sequestered inside the ribosome exit tunnel (34, 35) . This ribosome shielding means that even in the longest GFP nascent chain, borne by ribosome 1, the 17 aa of the SecM stall sequence plus the C-terminal~20 residues of the GFP sequence (including residue 229) will be inaccessible for interactions with more N-terminal parts of the nascent chain (Fig. 1, C and D) .
Nascent GFP folds to high yield upon release from the ribosome
We then sought to determine whether these nascent GFP polypeptide chains could achieve their native conformation while tethered to the ribosome. The fluorescence emission spectrum of freshly prepared polysomes was evaluated for GFP chromophore fluorescence as a reporter of native GFP (15) . The GFP polysome complexes did not produce the characteristic peak for native GFP (Fig. 3, dashed line) . This result demonstrates that even the longest GFP nascent chains, tethered to ribosome 1, cannot fold to a native conformation while their C-terminal residues are conformationally constrained within the ribosomal exit tunnel. Presumably, these residues are sterically unavailable for completion of the hydrogen-bonding network required to form the native GFP b-barrel structure. This conclusion is consistent with previous studies of truncated GFP constructs, which showed that the residues comprising the C-terminal GFP b-strand are necessary for folding and formation of fluorescent protein (27, 36) . We also constructed a GFP nascent chain with a Cterminal extension to span the ribosome exit tunnel, placing all GFP residues outside the tunnel (GFPex; Fig. 1 C) . We purified ribosomes bearing GFPex nascent chains and measured their fluorescence emission properties. In contrast to GFP nascent chains, ribosome-bound GFPex nascent chains exhibited measurable quantities of GFP fluorescence before EDTA/RNase treatment (Fig. 3, dotted line) .
The lack of GFP chromophore fluorescence for GFP nascent chains indicates that these ribosome-bound chains cannot reach a completely native conformation, but provides no information on what partial folding might occur, or whether these partially folded conformations are nativelike, on-pathway conformations, or misfolded, aggregationprone conformations, or some combination of the two. We hypothesized that if a GFP nascent chain preferentially adopts a partially folded, on-pathway conformation, it should be able to fold with high efficiency after release from the ribosome, rather than aggregate. To test this idea, we treated GFP polysome complexes with EDTA and RNase to destabilize the ribosomes (Fig. 2 A, dashed line) and release the nascent GFP chains (data not shown). EDTA/ RNase treatment of GFP polysome complexes produced a strong GFP fluorescence emission signal (Fig. 3, solid  line) . To calculate the folding efficiency of these released GFP nascent chains, we compared the amount of native, fluorescent GFP chains with the total amount of GFP nascent chains having the minimum length required for formation of native protein (Fig. 1 D, nascent chains 1-4, and Fig. 2 B) . At 20 C, 70% 5 7% of these GFP nascent chains achieved the native fluorescent structure (Fig. 4 A) . GFP nascent chains shown in bold are nearly as long as or longer than 229 aa and therefore capable of forming the imidazolinone chromophore after folding.
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Folding of full-length GFP diluted from denaturant is less efficient Next, we compared the inherent de novo folding efficiency of ribosome-released GFP nascent chains with the folding efficiency of full-length GFP containing the SecM stall sequence (Fig. 1 C) that was forced into IBs by expression at 39 C. In vivo, after ribosome release, these GFP chains are pulled into IBs before chromophore formation occurs (Fig. S4 ). Because these chains lack a preformed chromophore, their folding can be directly compared with de novo folding of newly synthesized GFP chains, which also lack the chromophore (18, 37) . Full-length GFPib chains were solubilized in GdHCl, and folding was initiated by dilution out of denaturant into conditions analogous to the folding experiments described above for ribosome-released GFP chains. These folding reactions included polysomes purified from E. coli transformed with the empty vector as a substitute for the ribosomal component of GFP polysome complexes, as previous studies have suggested a direct contribution of ribosome components to in vitro protein refolding yields (38) . Yet, in contrast to the folding of ribosome-release nascent GFP chains, folding of GFPib diluted from GdHCl was dramatically less efficient. Folding experiments using GFPib concentrations analogous to the concentrations of nascent GFP in polysome complexes (350 5 43 nM) resulted in the formation of substantial aggregates and no significant folding yield (Fig. 4 A, the bar without error bars). At lower GFPib concentrations (<100 nM), the calculated folding efficiency for GFPib was 13.0% 5 0.4%, still significantly lower than the folding efficiency of ribosomereleased GFP nascent chains (Fig. 4 A) .
GFP has two cysteine residues, both of which are reduced in the native structure (20) . To estimate the maximum possible folding efficiency for GFPib in the presence of destabilized polysomes, we supplemented the GFPib folding buffer with 1 mM TCEP as a reducing agent. The folding efficiency of these free, denatured chains increased to 38% 5 3%, still significantly lower than the folding efficiency of ribosome-released GFP nascent chains (Fig. 4 A) .
Nascent GFP folding and molecular chaperones
The high folding efficiency of ribosome-released GFP nascent chains relative to chemically denatured GFP chains isolated from IBs indicates that the nascent GFP polypeptide chains populate a distribution of partially folded conformations that is different from the distribution of conformations populated by free GFP polypeptide chains upon dilution from denaturant. Cotranslational formation of foldable, onpathway conformations has been reported for nascent chains of other proteins, including firefly luciferase, ricin, rhodanese, and P22 tailspike protein (11, 25, (39) (40) (41) . For efficient folding, however, the ribosome-released polypeptide chains of many proteins required the presence of ATP and/or GTP as an energy source for ATP-dependent molecular FIGURE 4 GFP folding efficiency and solubility. (A) Folding efficiency of ribosome-released GFP (nascent chains) or unfolded GFP from IBs in the absence or presence of reducing agent (TCEP). All reaction mixtures contained ribosomes, EDTA, RNase, and TCEP if denoted. The calculated folding efficiency represents the ratio of the amount of native fluorescent GFP to the total amount of GFP chains that are long enough to form a native protein structure (from ribosomes 1-4; see text). Precise quantification of the folding yield of GFPib at concentrations of 350 nM was hindered by the formation of macroscopic aggregates; hence, the reported value is approximate. (B) Effect of SecM stall sequence on GFP solubility. GFPDSecM lacks the SecM stall sequence at the C-terminus of the GFP construct. The calculated solubility represents the ratio of the amount of soluble protein (in the supernatant) to the amount of total expressed protein (in the cell lysate). In all cases, error bars represent the standard error calculated from a minimum of three independent samples.
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TF is an ATP-independent, ribosome-associated bacterial chaperone (42) (43) (44) (45) (46) (47) . When associated to the ribosome, TF is the first chaperone to interact with newly synthesized nascent chains (42) (43) (44) (45) (46) (47) . Studies have shown increased recruitment of TF to bacterial ribosomes bearing unstructured, hydrophobic nascent chains (25, 43, 48) . To address whether TF is involved in the folding of ribosome-released GFP polypeptide chains, we compared the amount of ribosome-associated TF on polysome complexes isolated from cells expressing GFP with the amount of TF on polysomes isolated from E. coli transformed with the empty vector. Polysomes isolated from cells expressing GFP were not associated with significantly more TF than polysomes from control cells (Fig. 5 B) . This result suggests that TF is not selectively recruited to GFP nascent chains. This result is in agreement with other studies that showed successful folding of GFP in an assembled translation system that lacked molecular chaperones (25, 49, 50) , and reduced association of TF with ribosomes expressing GFP (48) .
GFP folding yield is not affected by the SecM stall sequence in vivo Finally, given that some C-terminal protein extensions affect GFP solubility and folding in the cell (51-54), we evaluated whether the SecM stall sequence itself influences the folding abilities of nascent GFP chains. Due to the transient nature of SecM-induced ribosome stalling (29, 30) , polypeptide chains synthesized with a stall sequence are ultimately released from the ribosome and accumulate in the bacterial cytosol (24, 25, 55) . To test whether SecM-induced translation stalling can increase GFP folding yield, we compared the in vivo folding yield of SecM-stalled GFP with that of GFP expressed without the stall sequence (referred to here as GFPDSecM), as determined by the solubility of GFP and GFPDSecM under the conditions used for purification of GFP polysomes. Although deletion of the SecM stall sequence allows higher turnover of the translational components of the cell, resulting in increased GFP synthesis (Fig. S5) , the fraction of soluble protein was not significantly different for the two constructs (51% 5 3% for GFP versus 53% 5 1% for GFPDSecM; Fig. 4 B) . The calculated GFP solubility corresponds to published data (21, 52, 54) and suggests that the C-terminal SecM stall sequence does not affect the folding abilities of GFP.
CONCLUSIONS
Our results demonstrate that ribosome-released GFP folds to a significantly higher yield than chemically denatured GFP isolated from IBs. Although we do not know what specific conformations are adopted by the GFP nascent chains, it is clear that vectorial synthesis of the polypeptide chain by the ribosome facilitates the acquisition of conformations that are significantly more likely to produce native GFP than the conformations populated among full-length GFP polypeptide chains that fold after dilution from chemical denaturant. Of interest, this high GFP folding yield was obtained in a complex environment containing ribosomal proteins, rRNA fragments, and truncated, foldingincompetent GFP polypeptide chains. Moreover, although GFP is a eukaryotic protein, it was translated here on prokaryotic ribosomes. However, despite the complex environment and heterologous expression system, the starting point for folding of these GFP nascent chains more closely resembles the in vivo conditions under which the GFP sequence evolved to fold, rather than refolding in vitro (2,4-6). Biophysical Journal 98(7) 1312-1320
